is paper presents the review of e ects of nonthermal plasma (NTP) treatment on both the wheat grains and our with potential to be applied in practice. e NTP can be used in wheat grain surface disinfection, grain germination and vitality improving, and wheat our modi cation and disinfection. NTP causes e ective decontamination from bacteria and fungi together with insect pests and causes minimal damage to wheat grains; it inactivates enzymes and enhances the grain shelf life; it enhances the germination and initial state of growth resulting in the increase of nal yield. Moreover, the production of qualitatively better dough is also mentioned.
Introduction
Nonthermal plasma (NTP) has been constituted in biotechnology as an alternative method for food processing and as an emerging antimicrobial technology for inactivation of undesirable micro ora. Moreover, it has been found that NTP a ects also other parameters of both treated inorganic and biological objects. In the last decade, NTP treatment of grains has been established as a possible new eld of interest. Examples of these approaches may be found in [1] [2] [3] [4] .
e cereals are the main ingredient of human food, where only grains are used for human nutrition [5, 6] . e grains are consumed either whole or ground to our, which exhibits di erent nal granulation and/or chemical composition. Wheat is one of the world's leading food crops and is one of the most grown cereals [5] as a source of white wheat products: white bread, toasts, baguettes, hamburgers, croissants, and pizza's dough.
e possibilities of NTP treatment of wheat grains in agrotechnical practices have been studied by many scienti c teams in the one recent decade.
e signi cance and impact of such studies is undoubtedly signi cant for better preservation of cereals for nutrition. However, the existing NTP applications for this purpose su er from inconsistent methodologies, making it impossible to compare and select the optimal methodology. erefore, our goal here is not to determine the best method, but rather to enumerate the options used so far.
In this review, we would like to present summarized results of several studies of NTP treatment of wheat grains to demonstrate the new possible ways of a ecting its properties. We have chosen the wheat grain as one of the world's most important nutritive with wide amount of published studies. Further, it is possible to predicate similar NTP affections of other species of cereals also. In general, for clarity, we want to give up describing the optimization of each NTP source and its many regimes for speci c application. Hence, we decided to focus mainly on the possible e ects of NTP on wheat rather than on the detailed description of plasma generation and other treatment details. We assume that friendly reader would be interested especially to the list of interesting and curious e ects of NTP and that they may nd the details in referred works.
e description of plasma effects presented here begins at the surface of wheat grain and stepwise continues through the growth characteristics, metabolisms, and matured plants to the flour as the final food product.
Nonthermal Plasma Technology
e term "NTP" typically denotes the state of ionized gas at ambient temperature with dominant collective behavior of charged particles. It has been the subject of many previous reviews and books, e.g., [7] [8] [9] . A nice introduction into plasma and its generation is also presented in the book devoted to plasma medicine [10] or in the review [11] . e common ways to get NTP are electrical discharges, which have been also reviewed for many times, e.g., [10] [11] [12] . e brief description of the most frequently used approaches is as follows.
Corona discharge (CD) is typically generated by high voltage on sharp electrodes, such as tips, pinpoints, or thin wires. e electric field is formed close to such points, and the active region of corona and plasma generation arises. Corona discharge active region appears only close to the point electrode, and it is limited up to units of mm. Several modifications of corona-based discharges were tested, e.g., by Khun et al. [13] .
Dielectric barrier discharge (DBD) is an alternating current discharge burning typically between two electrodes separated by dielectric material, which avoids the charged particle transport between electrodes. e discharge burns due to the alternating polarization of dielectric and by the electric induction only. In contrast to corona, the DBD electrodes may be constructed as planes, and therefore, the plasma area is limited just by the power of high voltage supply. A brief description of this method may be found, e.g., in [14] .
Radio frequency (RF) and microwave discharges (MDs) are generated by high frequencies (MHz and GHz) electromagnetic induction or waves in a resonance box. MDs are often used in the basic research of NTP interactions with biomaterials. For further information, see [15] .
Plasma jet (PJ) represents a special configuration of previously described discharges. e active particles from the active region are transmitted through the electrode area by flowing auxiliary gas, forming a stream of active particles burning as a small jet. Typical sources are called plasma jet, plasma pen, plasma torch, or plasma needle. ey allow the local application and higher powers. For review, see [16] .
Cometary DC discharge [17, 18] resembles plasma jet, but needs no auxiliary gas supply. e insertion of insulated metallic grid improves the inactivation efficiency and size of the treated area [19] .
Despite the fact that each discharge is unique and therefore the generalization of results is difficult or impossible, there is a prevailing consensus about the possible mechanisms of NTP affection of the treated object. For a brief overview of this topic, see [20] . In the active discharge area, many active particles are generated from the molecules or atoms of discharge atmosphere. In air or similar atmospheres, the nitrogen active particles, often denominated as reactive nitrogen species (RNS), and the oxygen active particles, often denominated as reactive oxygen species (ROS), are generated.
e ) are generated, too. is extensive field has been reviewed several times, e.g., in [21, 22] .
Wheat Grains after NTP Treatment
e application of various chemical insecticides and fumigants during grain storage has caused numerous problems, including the accumulation of pesticides and fumigant residues in treated grains [23] . Another serious problem is the development of insecticide resistance in stored grain insect pests [24] . erefore, there has been growing interest in biotechnology research concerning the possible using of some alternative treatments, such as plant extracts [25] , gamma irradiation [26] or plant extract and gamma irradiation together [27] , laser [28] , or NTP treatment [29] [30] [31] . Some earlier attempts to describe the effects of NTP on various seeds, including wheat, have been evaluated in the review [32] . In addition to direct plasma exposure, the action of water previously exposed to NTP (so-called plasmaactivated water, PAW) was also reported by Kučerová et al. [33] . e PAW improved germination, early development of the seedlings, the content of photosynthetic pigments in the leaves, and soluble protein content in the roots and suppressed the activity of antioxidant enzymes.
e NTP experiments reported in this section have a common general scheme consisting of dry wheat grains exposure for appropriate time, followed by the analysis of resulting properties. For better clarity, the quoted works and their brief content are also summarized in Table 1. is summary shows that it is very difficult not only to compare individual results but also to determine the optimal methodology for influencing wheat seeds and products. Various authors employed almost all possible plasma sources (except plasma jet), differing in nature and properties. Different experimental conditions were also used, namely, the exposure times ranging from 10 seconds to 45 minutes.
Surface Decontamination.
e surface of the cereal grains can be contaminated by both the microorganisms and germs of various insect pests [34] .
e following works indicate NTP to be a promising tool for effective decontamination offering a wide range of possible applications including inactivation of surface microorganisms and germs of insect pests on cereal grains, above all epiphytic bacteria. e exposure of winter wheat grains to NTP reduces the fungal colonies' number by one order; as reported by Kordas et al. [35] , the optimal exposure time was 10 s. Los et al. [36] found this decrease by two orders. Zahoranová et al. [37] Elastic and viscous moduli of dough from strong wheat flour increased; no variation in the dissipation factor tan δ; improvement of the dough strength [2] DBD at atmospheric pressure, 10 kV at 50 Hz 3 min Reduced development of Rhizopus nigricans fungal disease [39] focused their experiments not only on fungi but also on microorganisms in general. ey found that NTP treatment leads to a significant reduction of epiphytic bacteria and phytopathogenic and toxinogenic filamentous fungi by two orders. A significant reduction of microbial contamination on wheat and barley grains achieved after NTP exposure was reported also in [38] . Rusu et al. [39] exposed wheat seeds contaminated with Rhizopus nigricans with DBD atmospheric pressure plasma for 3 minutes and observed an earlier development of the fungal disease for the control seeds group in comparison with the plasma-treated seeds, a cleaning effect on the seeds surface. Butscher et al. [40] used [42] , where egg, larval, and adult stages of red flour beetle (Tribolium castaneum, Coleoptera: Tenebrionidae) were treated by NTP. In all flour beetles' stages, 100% mortality can be achieved depending on plasma exposure time and plasma intensity. Optimal effect of plasma with an impact on all stages of T. castaneum was observed for 15 minutes.
is review demonstrates that NTP technology is a promising tool for effective decontamination, which offers a wide range of possible applications including inactivation of surface microorganisms and germs of insect pests on cereal grains.
Surface Property Affection.
Together with the surface decontamination, the affection of surface properties should be expected. It is curious that these expected side effects are generally positive.
e NTP treatment caused cracks occurring on wheat grain surface, which led to the improvement of water uptake, subsequently benefiting its germination [43] . After NTP treatment, the mean water uptake was 41% in the control sample and 57% in the exposed one [44] . Similar etching effect, resulting in the improvement of its water absorption capacity, was reported by Li et al. [45] . Also, Rahman et al. [42] stated that the surface of wheat grains was much rougher in exposed grains as compared to that of control ones. Further, the grain coat becomes eroded and chapped after NTP. Similarly, Roy et al. [46] found that NTP treatment caused noticeable morphological changes on seed surface and consequently slightly increased absorption of water. Also, Zahoranová et al. [37] showed that wheat grains treated with NTP took more water than the untreated ones, increasing exposure dose of plasma also increased the water uptake.
e surface hydrophobicity of wheat grains after different applications of NTP was measured by Los et al. [36] .
ey found that surface hydrophobicity decreased after direct NTP treatment and remained unaffected in the case of indirect treatment. Dobrin et al. [47] also showed interest in wheat grain wettability; they found that the contact angle measured between grain surface and water drop was 92 ∘ on the untreated grains, and it decreased to 53 ∘ on treated grains. e water absorption was higher in the case of the treated grains as compared with the control samples, too. Likewise, Roy et al. [48] recognized that the surfaces of the treated wheat grains become rough with respect to the control. e changes of surface erosion and roughness may be associated with the enhanced water permeability into the grains. e best water absorption effect (27% more than in control) was found after 12 minutes of NTP treatment. is surface wetting is an important precondition of faster seeds wetting and germination [31] , as described in the next section.
Seed Germination and Seedling Initial Growth.
e NTP treatment of grains significantly influences germination and initial growth of plants. e characteristics observed in the experiments included several parameters such as number of germinated grains, germination rate, speed of germination, germination index, grain vitality, length and weight of seedlings, root/shoot (R/S) ratio, and many others. However, the authors usually do not provide their explicit definitions, so we refer to them as they are presented in the original papers.
e germination of many plant species can be improved by NTP treatment. e positive effect of NTP was found on barley (Hordeum vulgare, [49] ), maize (Zea mays, [50] ), oat (Avena sativa, [51] ), rice (Oryza sp., [52] ), spinach (Spinacia oleracea L. Beiouzhizun, [53] ), bell pepper (Capsicum annuum L. cultivar California Wonder, [54] ), and mung bean [55] . On the other hand, the neutral effect was found on oat germination and early growth [43] .
Probably, the first researches on wheat grains germination under the effect of different physical factors (ionizing, laser, and NTP) were recorded in the 80s of the last millennium and reported in [56, 57] , as mentioned in [51] . Intensity of the initial germination was improved at the expense of accumulation of germ mass; an increase of root length and mass were observed. Under the influence of all physical factors used, field germination increased from 4% to 22% depending on weather conditions. Será et al. [43] tested wheat grains from a private collection, where the grains had been stored for 15 years in dry place before the experiment. Significant difference was found in seed germination at the 4th day of cultivation between a control sample (0%) and the 180 s NTP-treated sample (6%). Above all, the treated grains started to germinate at the 4th day and control grains at the 8th day.
Treatment by cold helium plasma of 80 W could significantly improve germination potential (6.0%) and germination rate (6.7%) of wheat seed. At the seedling stage, plant height (20%), root length (9.0%), and fresh weight (22%) were improved significantly, also the chlorophyll content (9.8%), nitrogen (10.0%), and moisture content (10.0%) were higher than those of the control [58] .
Similar results were also reported by Meng et al. [59] using DBD plasma with various surrounding gases (oxygen, air, argon, and nitrogen), and they observed significant increase of germination potential by 24.0, 28.0, and 35.5% after 4 minutes of exposure.
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In the work of Guo et al. [44] , the germination potential, germination index, and vigor index of wheat grain significantly increased after NTP treatment by 31%, 14%, and 55% over control, respectively. e mean germination rate increased from 88 % in the control sample to 95% in the NTPtreated sample. e improved germination rate and seedling vigor of wheat grains were reported also in [42] , where the cumulative germination increased from 70% up to 85% for control and treated samples, respectively. Zahoranová et al. [37] and Zhang et al. [60] consistently found a significant effect of NTP treatment on the germination rate rising by 21% and 8%, respectively. e germination potential, germination rate, germination index, and vigor index increased by 27%, 9%, 17%, and 47% after 7 minutes of NTP treatment, respectively [45] . e optimal time of treatment seemed to be 4 minutes, when germination potential significantly increased to 77% and the germination rate was enhanced to 95% (in comparisons with 62% and 88% of control samples, respectively). e same authors also presented the hypothesis that the changes in the wheat grain germination characteristics suggested an appropriate DBD plasma treatment dose to promote the wheat grain germination. e similar results presented by Gidea et al. [61] showed that the plasma grain treatment for appropriate time improved the germination rate, speed of germination, and speed of growing in the early stage. However, for high NTP doses, i.e., over optimal treatment time (in this case, 30 min), all the growing properties decreased under untreated. Also in [48] , the grains treated for 3 and 6 minutes had the highest germination rate 95-100%. However, the further increments of NTP treatment time caused the decrease of the germination rate. Similarly, Roy et al. [46] reported that germination rate, germination index, and vigor index increased for all used exposition times and atmospheres, with optimal exposure time of 6-9 min.
On the contrary, other works do not report the enhancement of samples properties. In the study of Los et al. [36] , short plasma treatment had minimal influence on the germination rate of wheat; however, extending treatment time up to 20 min negatively affected this qualitative parameter. In the experiment described in [38] , the grain germination percentage of samples treated for up to 5 min was not affected, but it was decreased after 20 min of NTP treatment.
e effects of plasma treatment on wheat seed germination and seedling growth, together with changes in the surface chemistry and characteristics of the wheat seeds exposed to plasma, were investigated by Los et al. [62] . Treatments of 30-60 s significantly enhanced the germination rate and showed positive effects on seedling growth.
Many observed characteristics of seed germination generally showed better parameters, especially at the first days of the seed germination. Seed germination and initial growth of seedlings are closely related, and many authors tested both at once.
In the experiment performed by Dobrin et al. [47] , the total length of the root system per wheat grain was obtained by summing the lengths of individual adventive roots of each grain. e distribution of untreated grains was centered at about 33 cm, while that of the treated grains was centered at 36 cm. NTP treatment of wheat grains resulted in a 10% increase of the mean root length. On the other hand, a very slight increase was obtained in the case of shoot length. Grains treated with NTP for 15 min had substantially heavier roots (1.06 g) than the control samples (0.78 g). Shoot weight was about the same in both cases (0.88 g and 0.89 g). ere were considerable differences between R/S ratios: the control sample had 0.88, while the treated sample had 1.2.
Concerning with germination, Gidea et al. [61] reported also the increase of average length of roots and sprouts and vigor index, but after exposure times over 30 min, all measured properties decreased close to or under untreated ones. In the experiments of Roy et al. [48] , plant lengths from grains exposed for 3 and 6 min increased to 23 cm and 22 cm, respectively, while the control was 21 cm at the same incubation period. After 20 days of sowing, the longest plant height was 23 cm for the exposed seed, while the control was 19 cm. e same author found similar results in the paper [46] , where the plant length and dry weight increased for all used exposition times and atmospheres (air and air/O 2 ). Maximum increase of plant length was achieved by 11% for 6 or 9 min exposures. e significant increase of shoot length, root length, dry weight, and fresh weight of wheat grains was described also in [44] .
Significant effects of plasma treatment on growth parameters of wheat seedlings in dry weight (12% increase) and vigor indexes I and II (28% and 36% increase) were measured [37] . Zhang et al. [60] found that the lengths of the wheat root and shoot were increased effectively by 8.7 cm and 3.3 cm, and the dry weight increased by approximately 10%. Li et al. [45] followed the wheat seedling growth after NTP treatment of grain. ey observed that the root length, shoot length, fresh weight, and dry weight of the seedlings increased significantly after different NTP exposures; the exposure optimal for grain growth was probably 7 minutes. e previously mentioned work of Kordas et al. [35] belongs also in this section: they worked with contaminated wheat grains and did not find any significant differences in shoot lengths and weight of the seedling. On the other hand, they found the rapid decrease in the root length (up to 50%). Similarly, no significant differences were recorded in the previously mentioned experiment on 15-year-old wheat grains [43] .
Characteristics of seed germination under laboratory conditions are usually different from real-field data. All environmental influences cannot be controlled in the field, so real germination and development may differ from laboratory results. In the future, it seems necessary to plan experiments for germination tests in the field as well. Two such studies are mentioned below.
Biochemical Characteristics, Secondary Metabolites, Stimulations, and Stress Reactions.
For the sake of completeness, it should be mentioned that NTP influences several biochemical characteristics of grains. However, due to less number of papers, no generalization or conclusion can be made. Some experiments indicate penetration of active species from NTP through the porous seed coat inside the grain, where they react with plant cells (e.g., [43] ). We bring further indirect evidence from experiments on wheat grains.
Amount of secondary metabolites represented by phenolic compounds was studied in wheat seedlings after NTP treatment of the grains [43] . Contents of two phenolic compounds from shoot extract of treated wheat grains were increased to 151% and 165% in comparison with the control sample. e biggest differences of phenolic compound contents were found in the shoot extract than in root extracts.
No alternations in fat, protein, ash, and moisture content of wheat after NTP treatment were found by Rahman et al. [42] and Shahrzad et al. [41] . Guo et al. [44] reported that the active species from NTP penetrated into the caryopses and activated their physiological reactions, resulting in enhancement of soluble protein content by 15% and α-amylase activity by 51%.
According to Tolouie et al. [63] , the lipase and lipoxygenase activities are essential for the enhancement of grain shelf life. e result of this work concluded that NTP inactivates these enzymes and increased the shelf life. e lipase and lipoxygenase activity was reduced after 25 min exposure to 25% and 50% of initial extent, respectively. Increasing exposure time and voltage can enhance the inactivation. However, NTP treatment could not permanently inactivate lipase and lipoxygenase. Despite the recovery of enzymes activity during the storage, the enzyme activity of treated samples was much lower than the untreated ones after 30 days of storage at room temperature.
Furthermore, Iranbakhsh et al. [64] reported the NTPinduced expression of heat shock factor A4A, improving the wheat growth and slightly increasing the resistance against salt stress. ese results concluded that NTP can enhance the shelf life of wheat grains.
Wheat Production.
Previous results show the possibilities of NTP to improve the properties of wheat grains and seedlings. For general impression, the effect of the final product also should be mentioned. If the NTP should be used to treat cereal grains, it is important that the crop production should be higher or at least the same. However, more field experiments to study the effect of NTP treatment on the farm production are needed.
e effects of the NTP treatment of wheat grains on cereal spikes as a final agricultural product are presented in the two following works. He et al. [65] cultivated three different cultivars of wheat grains treated with NTP for 15 s and sown on the field. e results showed that the spike length and number of grains per spike were improved observably in all tested wheat cultivars. However, the thousand-grain weight and grain protein content increased only by 0.93 g, i.e., by 1%. On the other side, Roy et al. [48] suggested that, beside the increase of germination potential, vigor index, and noteworthy improvement in photosynthetic pigment, the significant increase in the total number of grains per spike, thousand-grain weight, and yield of wheat by 5% also occurred. Moreover, the same authors [46] reported a yield increase by ∼20%.
Wheat Flour after NTP Treatment
NTP treatment may not be targeted only on cereal grains. Some researchers studied also the effect of NTP treatment of flour and reported several interesting results.
Mahendran [66] confirmed the mortality of adult Tribolium castaneum beetle caused by NTP treatment of wheat flour.
is mortality was under specific conditions up to 100%; no changes in the color of the flour were observed (see also Section 3.1).
e potential of cold plasma as a tool to modify wheat flour functionality was confirmed by Bahrami et al. [67] . ey found that NTP treatment did not affect the concentration of total nonstarch lipids and glycolipids. is treatment, however, reduced total free fatty acids (extracted by n-hexane : diethyl ether 1 : 1) and phospholipids. Oxidation markers (hydroperoxide value and head space n-hexanal) increased with treatment time and voltage of discharge, which confirmed the acceleration of lipid oxidation. e impact of NTP on free fatty acids was due to a reduction in all major fatty acids; this was more evident in the most oxidatively labile fatty acid, and linolenic acid reduced by 100%. Total proteins were not significantly influenced by NTP treatment, although there was a trend towards higher molecular weight fractions, which indicated protein oxidation, and treated flour did produce thicker dough. However, this work reported no change in the total aerobic bacterial count or total fungi count as a result of NTP treatment.
Structural and functional properties of dough prepared from wheat flour after NTP treatment were studied also by Misra et al. [2] . e elastic and viscous moduli of dough and the dough strength increased after the treatment by optimal NTP dose.
Discussion
Based on the available literature, the authors compiled an overview of the results, demonstrating the relationship between NTP and wheat grains. It was difficult to compare the accumulated results because the apparatus and discharges used are not sufficiently described, as are many measured grain characteristics.
NTP is intensively studied in relation to seed modification, above all in relation to the agriculture [29, 32] and food industry [68, 69] .
e strategy of using NTP in the food industry is to decontaminate of food products, packaging material processing, functionality modification of food materials, and dissipation of agrochemical residues [4, 29] . Many microorganisms are sensitive to the NTP. So, the indisputable benefit of using NTP is a safe seed without chemical residua, because effective NTP treatment works with clean air, water vapor, or plasma-activated water [70, 71] . Reviewed works clearly demonstrate that the NTP causes effective decontamination of wheat grains from bacteria, fungi, and insect pests with minimal damage of the grains.
In general, lower treatment times will maintain or even improve seed viability. e seeds of many plant species were vital after short time of NTP treatment; they germinate well, e.g., many grains [49-51, 71, 72] . Usually, wheat grains have Journal of Food Qualitygood vitality after plasma application. Moreover, due to inactivation of several enzymes, plasma treatment can enhance the wheat grain shelf life. Other works demonstrated not only the enhancement of germination and initial state of growth, albeit they suggest a small increase in the final yield.
e NTP treatment may cause negative effect in some plant species in seed germination, because some plant species are probably more sensitive to NTP than wheat grains, e.g., oat (Avena sativa) [43] . Cultivars of both the hemp seeds (Cannabis sativa) [73] and poppy seeds (Papaver somniferum) [74] were affected by NTP in a different way. Some cultivars were positively affected, while others were not.
e type of plasma apparatus/discharge and the parameters of the plasma treatment are crucial too. Significant differences were found in the germination and early growth of buckwheat seeds (Fagopyrum esculentum) [75] and hemp seeds [73] when different apparatus were used.
Concerning the treated wheat flour, plasma may kill the unwanted adult beetles and affects its functional properties, producing the qualitatively better dough. So far, there are no attempts with other types of flour to obtain the necessary comparison.
Conclusion
Plasma decontamination of wheat grains has a great potential to be applied in practice. Reviewed works clearly demonstrate that the plasma causes effective decontamination from bacteria, fungi, and insect pests with minimal damage of grains. Moreover, due to inactivation of several enzymes, plasma treatment can enhance the grain shelf life. Other works demonstrated not only the enhancement of germination and initial state of growth, albeit they suggested a small increase in the final yield. Concerning the treated flour, plasma may kill the adult beetles and affects its functional properties, producing the qualitatively better dough.
It can be stated that NTP treatment of wheat grains has a great potential to be applied in the food industry. e NTP can be used in wheat grain surface disinfection, grain germination and vitality improving, and wheat flour modification and disinfection. e paper brings structured overview of existing knowledge in this area.
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